Polycrystalline silicon (polysilicon) surface micromachining is a new technology for building micrometer (µm) scale mechanical devices on silicon wafers using techniques and process tools borrowed from the manufacture of integrated circuits. Sandia National Laboratories has invested a significant effort in demonstrating the viability of polysilicon surface micromachining and has developed the Sandia Ultraplanar Micromachining Technology (SUMMiT V TM ) process, which consists of five structural levels of polysilicon. A major advantage of polysilicon surface micromachining over other micromachining methods is that thousands to millions of thin film mechanical devices can be built on multiple wafers in a single fabrication lot and will operate without post-processing assembly. However, if thin film mechanical or surface properties do not lie within certain tightly set bounds, micromachined 4 devices will fail and yield will be low. This results in high fabrication costs to attain a certain number of working devices. An important factor in determining the yield of devices in this parallel-processing method is the uniformity of these properties across a wafer and from wafer to wafer. No metrology tool exists that can routinely and accurately quantify such properties.
devices will fail and yield will be low. This results in high fabrication costs to attain a certain number of working devices. An important factor in determining the yield of devices in this parallel-processing method is the uniformity of these properties across a wafer and from wafer to wafer. No metrology tool exists that can routinely and accurately quantify such properties.
Such a tool would enable micromachining process engineers to understand trends and thereby improve yield of micromachined devices.
In this LDRD project, we demonstrated the feasability of and made significant progress towards automatically mapping mechanical and surface properties of thin films across a wafer.
The MEMS parametrics measurement team has implemented a subset of this platform, and approximately 30 wafer lots have been characterized. While more remains to be done to achieve routine characterization of all these properties, we have demonstrated the essential technologies.
These include:
(1) well-understood test structures fabricated side-by-side with MEMS devices, (2) well-developed analysis methods, (3) new metrologies (i.e., long working distance interferometry) and (4) a hardware/software platform that integrates (1), (2) and (3) .
In this report, we summarize the major focus areas of our LDRD project. We describe the contents of several articles that provide the details of our approach. We also describe hardware and software innovations we made to realize a fully automatic wafer prober system for MEMS mechanical and surface property characterization across wafers and from wafer-lot to wafer-lot. 
Introduction
Freestanding thin films are created by surface micromachining. Useful microdevices such as accelerometers, gyroscopes, image correctors, printheads, flow sensors, drug delivery modules and computers performing mechanical logic, to name a few, can be fabricated. Because the substrate has been removed from the thin film, it is also theoretically possible to attain extraordinary resolution on thin film mechanical properties and to obtain new information on surface properties such as adhesion and friction. Also, because these films are deposited by thin film technology methods with inherent cross-wafer nonuniformities, device yield can be affected by mechanical and surface property variations. The goal of this LDRD project was to develop test structures, metrologies, analysis tools and an integrated platform to measure mechanical and surface properties across a wafer, so that fabrication yield of these devices can be improved. Thin film mechanical properties of interest include film curvature κ (due to stress gradient through the thickness of a film), Young's modulus E (i.e., stiffness), residual stress R σ , and fracture strength F σ . Thin film surface properties include adhesion, adhesion hysteresis, friction and wear. In most cases, a given test structures is sensitive to the property of interest as well as to test structure non-idealities. These non-idealities must be identified, quantified and accounted for in the test structure model in order to accurately extract the property of interest.
Test Structure Criteria
Although test structures have been previously developed to measure these various properties, there existed no framework for measuring all of them on a single instrument. For routine measurement of such properties, it is essential that such an instrument be available.
Therefore, in this LDRD project, we focused heavily on developing an integrated set of test structures, metrologies and analysis methods such that all these properties could be measured using only one instrument. We believe that it is necessary to meet certain criteria if a given test structure is to continually be used in the future. The complete list of test structure criteria deemed essential were as follows:
Test structures developed for process monitoring must ... 1) be fabricated according to a standard (e.g., SUMMiT V TM ) process flow and be tested onchip without special handling.
2) require only a small area on the chip so that the majority of the real estate can be devoted to the MEMS device. 3) use electrostatics to provide force, as this is the means of actuation in MEMS. 4) allow deflections to be measured at the nanometer scale so that the property of interest can be known to high confidence and can be used to predict deflections at loading conditions other than those used to determine the property. 5) be non-destructively tested so that properties measured can later be validated independently, and so that no particles are generated. 6) all be tested on the same instrument. 7) be testable at the wafer level so that testing can be accomplished before packaging. 8) be tested and analyzed rapidly.
Focus Area #1 -Integrated Approach
In Fig. 1 , we show schematically how many of the criteria just listed can be satisfied. In By measuring at multiple electrostatic loadings, multiple measurements are inferred without damaging the device. Therefore, the measurements are verifiable and the test structures are reusable. Interferometry enables measurements at the nanometer scale, allowing the test structure area and the number of test structures used to be small. The implementation of these concepts satisfies criteria #1-#6 in the list above. For the basic mechanical properties (elastic and residual stress), these test structures now are in place in all five structural levels on SUMMiT V TM wafer lots. For the less commonly measured properties (adhesion, friction and fracture strength), the structures are in place in one or two structural levels.
The first major focus of our LDRD was then to develop these test structure and the analysis concepts. We showed that the use of interferometry to measure point-by-point deflections to determine properties of MEMS compares favorably with other test structure analyses [5] . Our methods for analyzing deflections of electrostatically loaded cantilevers as in Fig. 1(b) to accurately determine thickness t, gap g, takeoff angle o θ , curvature κ , Young's modulus E and support post compliance β are detailed in [6] . Also, a significant advantage of interferometry over purely electrical probing techniques (e.g., capacitance or "pull-in" measurements) that stems from obtaining the full deflection curve is that the 95% confidence levels for a given property can be determined for each measurement [6] . Our methods for accurately determining residual stress R σ as in Fig. 1 (c) are reported in [7] . In particular, we have devised a method that takes advantage of the deflection data to determine boundary conditions. This allows us to determine R σ without resorting to the finite element method to model the support posts, greatly reducing analysis time. Our test structure and technique for determining fracture strength F σ as in Fig. 1(d) is described in [10] . This device amplifies force first by converting work done out-of-plane at large displacement to work done in-plan at small displacment. A second level of force amplification is achieved by a large width reduction in the fixed-fixed beam. Sandia submitted the idea for the fracture device to the patent office [1] .
Improved friction test structures as in Fig. 1 (e) have been described in [14] and [18] . These structures enable measurement of friction over a wide pressure-velocity space. An advanced method for measuring adhesion of a beam to a substrate as in Fig. 1(f) is reported in [8] . With this method, we are able to measure adhesion and adhesion hysteresis (i.e., stiction) along the entire length of a cantilever beam. The publications associated with these structures are posted on our website at http://www.sandia.gov/mems/micromachine/biblog_char.html or http://www.sandia.gov/mems/micromachine/biblog_summit.html.
We have worked closely with the American Society for Testing and Materials (ASTM) to begin to establish standards for measuring properties in MEMS. The National Institute of
Standards and Technology (NIST) has written preliminary standards using a minor variant on our methods. Also, we published two articles [5, 9] in an ASTM Special Technical Publication (STP) to help influence the setting of these standards.
Focus Area #2 -Long Working Distance Interferometry
The second major focus of the LDRD was to develop hardware for an instrument to allow testing at the wafer level, in the interest of satisfying criterion #7 in the list on p. 5. Although interferometry gives us deflection information at the nanometer scale as required to achieve the accuracy and confidence levels we need, commercially available interferometers are not compatible with testing at the wafer level. This is because the free working distance between the interferometry attachment and the wafer surface is 5 mm or less. Electrical probes that are routinely used to apply voltages to devices on MEMS wafers are 10-15 mm high, and hence do not fit under an interferometer attachment. Therefore, we developed a long working distance interferometer, as seen in Fig. 2 , which allows standard probes or a probe card to be used while obtaining interferograms. The interferometer was fabricated to be compatible with the zoom optics of the original probe station microscope, and therefore could be directly mounted on the original probe station. Fig. 2(a) shows the interferometer mounted on the probe station, Fig. 2(b) demonstrate the one-inch (25 mm) free working distance, while Fig. 2(c) shows the high quality interferograms obtained. Sandia submitted a patent application based on this interferometer design, which was laser-based [2] . Later, an improved interferometer was also designed based on incoherent illumination. A technical advance has been submitted for this later innovation as well [3] . The advantages of this later advance include (i) speckle-free images, (ii) capability for determining thickness information across discontinuous surfaces and (iii) easy stroboscopic imaging. We intend to submit an article for journal publication on these new interferometers.
Also, other Sandia staff have expressed interest in these designs. For example, Richard Shagum (Firing Set & Optical Eng. Dept. 2612) has replicated our design [3] and is using it for testing MEMS under cryogenic conditions. Furthermore, the long working distance interferometer is extremely useful for characterization of MEMS devices [18] .
Focus Area #3 -Automation and Wafer Mapping
The third focus of the LDRD was to automate the data taking and analysis procedures in the interest of satisfying criterion # 8 in the list on p. 5. We made significant progress in this area [9] , and Sandia submitted a patent application [4] . We call the integrated approach "Interferometry for Materials Property Determination in MEMS" (IMaP). Three software routines were developed to enable rapid property determination, as portrayed in Fig. 3 .
Interferograms of unloaded beams are taken using an image analyzer program called negative o θ and negative κ are undesirable for MEMS devices that often contain long structural elements assumed to be flat over the substrate.
In Fig. 4(d) , the values of E are seen to be relatively constant across the substrate. This is expected because it is unlikely that the subtle changes in stress gradient at the sub MPa/µm level (or the changes in R σ at <10 MPa, see below) will affect the bulk modulus of ~163 GPa expected for our isotropically textured films. However, it is important to note that given the highly non-linear mechanics of the electrostatically actuated beam, this result can only be achieved because t, g, o θ and κ were measured and modeled on the same individual cantilevers.
The average value of β~2.5 µrad/(µN*µm) compares well with finite element modeling of similar geometries, where β values of 2.47 to 2.73 µrad/(µN*µm) were determined [6] .
However, we see in Fig. 4 (d) that β varies significantly across the wafer without a trend.
Because its value is dominated by the polysilicon thickness which was well controlled, we would not expect that β would vary to this degree. We investigated this issue and found that errors of 100% in β result if there is a 2 pixel error (~ 5 µm) in the starting location of the beam ("x-offset error"). This is a book-keeping issue because the location of the beginning of the beam is effectively being reassigned. Fortunately, a 2 pixel x-offset error induces a change in E of less than 4% [6] .
The values of residual stress R σ , while typically low in magnitude at ~ -5 MPa, correlate well with curvature κ, as seen by comparing Fig. 4(c) to Fig. 4(e) . This has been observed by other authors and is not a necessary outcome of the processing but is perhaps not surprising because κ is caused by the gradient in R σ through the thickness of the film. The high stress resolution inherently available from the interferometry enables correlation at the subtle levels of change in stress observed here (compare Fig. 4 (c) to 4(e)). The correlation between κ and R σ along the wafer column suggests that control of stress gradient and residual stress may be affected by the same processing non-uniformities.
Lot-to-Lot Variation
A subset of our methodology is being used to characterize MEMS parametrics on wafer lots. Figure 5 shows the dependence of curvature before and after a change in the process. A value of κ=0 is desired, and it can be observed that this is more closely achieved after the process change was made. 
Interest in Licensing IMaP

Student Contributions
Master's degree level students from several universities contributed to the success of this project.
They helped develop analysis tools, designed and laid out test structures, and also assisted in experiments. Publications of these students in association with the project are listed below. One student (Michael S. Baker) was hired as a staff member at Sandia. The students, their universities and their advisers include: 
